We present the results of a detailed correlation study between the soft X-ray, hard X-ray, and radio emission (obtained from RXT E ASM , BAT SE, and GBI observations, respectively) of the bright radio emitting Galactic X-ray binary Cygnus X-3. We detect a very strong positive correlation between the soft X-ray and radio emission during the low-hard and minor flaring periods of the source, and an anti-correlation between the soft and hard X-ray emissions. We present statistical arguments to suggest that the anti-correlation between the radio and hard X-ray emission, reported earlier, is primarily due to their correlation and anti-correlation, respectively, with the soft X-ray emission. We make a wide band X-ray spectral study using the pointed RXTE observations and detect a pivotal behaviour in the X-ray spectrum, with the total X-ray emission remaining the same. We argue that this X-ray spectral pivoting is responsible for the anti-correlation between the soft and hard X-ray emissions. The strong correlation between the soft X-ray and radio emission suggests a close link between the accreting mechanism, plasma cloud surrounding the compact object and the radio emission. We propose that the radio emission comes from a region embedded in the plasma cloud, most probably a weak jet originating close to the compact object, and that the radio flux can be predicted from the shape of the X-ray spectrum. A regular long term multi-wavelength pointed monitoring of the source will provide a definite observational handle to probe the disk-jet connection in the system.
Introduction
Cygnus X-3 is the brightest radio source ever associated with an X-ray binary, in both quiescent and flare states (Waltman et al.1995) . It is located at a distance of 9 kpc (Prehedl et al.2000) in the Galactic plane in one of the arms. It exhibits multiple radio outbursts correlated with the high-soft state in the X-ray emission (Watanebe et al.1994) . These outbursts are likely to originate in mass transfer instabilities (Fender et al.1999) . The VLBI observations of one such major flare revealed a core jet (Mioduszewski et al.2001 ), although it is not unambiguously resolved whether the jet is one-sided or two-sided (Marti et al.2001) . Watanebe et al.(1994) also suggest a correlation between the soft X-ray (as observed by ASM aboard the Ginga observatory) and the quiescent radio emission (as seen by the GBI), during the low-hard state. McCollough et al.(1999) give a detailed correlation test between the hard X-ray (as observed by the BATSE aboard the CGRO) and the radio (GBI), in the various states of radio and X-ray emission. They report 1) anti-correlation between the radio and hard X-ray emission during the qui-Send offprint requests to: M. Choudhury, e-mail: manojulu@tifr.res.in escent period, 2) correlation between the radio and hard X-ray emission during the major flaring period, and 3) no correlation between the radio and hard X-ray emission during the minor flaring period.
The (quasi) simultaneous observations of X-ray binaries in the radio and X-ray bands has led to the notion that the presence of radio jets is ubiquitous in sources with black holes or low magnetic field (≤ 10 9 G) neutron stars as compact objects and these sources show a definite connection between the accretion (inflow) mechanism and the jet (outflow) formation (see Fender 2001 for a review). Correlation between radio and soft X-ray emission has been established for at least two Galactic blackhole candidates (BHCs), Cygnus X-1 (Brocksopp et al.1999) and GX 339-4 (Corbel et al.2000) . In this Letter we report the detection of a very strong correlation between the soft X-ray (as seen by the ASM aboard the RXTE) and the radio (GBI) during the low-hard and minor flaring state of Cygnus X-3, along with an anti-correlation between the hard X-ray (BATSE) and both soft X-ray (ASM) and radio (GBI) emissions. The soft X-ray:radio correlation is definitely stronger and more significant than the anticorrelation between the hard X-ray and the soft X-ray (and radio). Wide band spectral analysis, with pointed observations from RXTE, shows that during the low-hard state, the soft X-ray flux, normally accredited as due to the mass inflow, has a direct connection with the radio emission. The spectral fitting suggests that radio emission is intimately related to the physical condition of the plasma cloud close to the compact object.
Data and Analysis
The daily monitoring data is obtained from the archives of the respective observatories: soft X-ray, in the energy range 2-10 keV, from ASM (all sky monitor aboard RXTE - Levine et al.1996) , hard X-ray in the energy range 20-600 keV from BATSE (Burst And Transient Spectrometer Experiment aboard CGRO) and radio at 2.3 GHz and 8.3 GHz from GBI (Green Bank Interferometer, at Green Bank site, West Virginia, operated by NRAO). The pointed observations of both the narrow field of view instruments aboard the RXTE, viz. PCA (Jahoda et al.1996) and HEXTE (Rothschild et al.1998 ) are analysed for wide-band spectral study by combining the data from both, which include 129 channel PHA data from PCA standard-2 data (all PCUs added) and 64 channel data from the Cluster-0 of HEXTE. After analysing data from the Crab nebula, Vadawale et al.2001 suggest using only Cluster-0 data from HEXTE and adding a systematic error of 2% to PCA data for a proper fit, and we have followed the same recipe. The basic data reduction and analysis was carried out using FTOOLS (V5.0) and XSPEC (V11.0).
In Figure 1 we plot the daily averaged lightcurve of Cygnus X-3 as seen by ASM (top panel), BATSE (mid- Fig. 2 . The variation of flux in radio (GBI, 2.3 GHz, shown as plus signs) and hard X-ray (BATSE, 20-600 keV, shown as circles) with soft X-ray (ASM, 2-10 keV), during the low-hard state of Cygnus X-3 (region 4 of Figure 1 ). Each data point is an average value for 10 days. dle panel) and GBI (2.3 GHz, bottom panel), during the period when all these three detectors were simultaneously monitoring the source. Historically, the behaviour of radio emission in Cygnus X-3 is classified into: 1) quiescent period (∼ 60-100 mJy), 2) major flaring (≥ 1Jy) with a preceding quenched state (∼ 10-20 mJy), and 3) minor flaring (≥ 100-150mJy) with partial quenching state (see Waltman et al.1995; McCollough et al. 1999) . We have demarcated four regions in Figure 1 , region 1 and 4 corresponding to the quiescent state (although region 4 contains two minor flares along with the long quiescent period), region 2 corresponding to the major flaring state and region 3 corresponding to the minor flaring state.
To test for the correlation among the soft X-ray, hard X-ray and the radio emission we have used the Spearman Rank Correlation (SRC) coefficient. We have adopted the method prescribed by Macklin (1982) and have derived the corresponding D-parameter, which gives the confidence level, in terms of standard deviations, that the derived correlation is not due to the influence of the third parameter. Table 1 shows the SRC coefficient, null hypothesis probability and the D-parameter, using 10 day averages of the data for the different periods (and their combination) as demarcated in Figure 1 . Reducing the number of days for averaging does not significantly change the results. The number of data points in region 1 (of Figure  1) is meagre and hence is not included in the correlation tests, it is shown in the figure just for the sake of completeness.
The most interesting result is that the soft X-ray and radio are very strongly correlated, with a very high significance level, in region 4 and regions 3 & 4 combined. It can also be ruled out (at > 5 σ level) that this correlation is influenced by the third parameter, the hard X-ray emis-sion. Though these two parameters are correlated even in the flaring state (region 2) at a much reduced significance level, the correlation tests in this region could be influenced by the high variability at time scales shorter than the period chosen for taking the averages (10 days). Hence we concentrate on the results obtained for region 4 and region 3 & 4 combined. It is also found that the soft X-ray is anti-correlated with the hard X-ray emission. The anticorrelation between the radio and hard X-ray emission, though strong, could be influenced by the other two correlations, particularly when we examine the data for the region 3 & 4 combined. The similarity of the behaviour of region 4 and regions 3 & 4 combined suggest that the emission mechanism during the minor flaring and the quiescent period are the same, and hence these two can be clubbed together as one class.
In Figure 2 we plot the variation of flux in radio and hard X-ray with soft X-ray, during the low-hard state of Cygnus X-3 (region 4 of Figure 1 ). It clearly demonstrates the simple monotonic dependence of the radio with the soft X-ray (ASM) during the few hundred days covering the quiescent period along with two minor flares. The anticorrelation between the hard X-ray and soft X-ray emissions is also evident from the figure. To investigate the Xray spectral properties in more detail, we have analysed the X-ray spectral data from the pointed observations using PCA and HEXTE. Unfortunately, these observations have not uniformly sampled the low-hard state. We have selected two observations, which provide two snapshots of the X-ray spectral characteristics, one during the highest radio emission and the other during the lowest radio emission. Since the variation of the radio properties is monotonic with the X-ray emission, these two extreme snap-shots are sufficient to determine a satisfactory physical picture of the soft X-ray corresponding to radio emission. We analyse the wide-band X-ray spectra of two such pointed observations (marked on the top panel of Figure  1 ) when i) the radio emission is 118 mJy at 2.3 GHz and 205 mJy at 8.3 GHz (MJD 50717, region 3 of Figure 1) , and ii) the radio emission is 49 mJy at 2.3 GHz and 80 mJy at 8.3 GHz (MJD 50954, region 4 of Figure 1 ). The unfolded spectra are overlaid on the top panel of Figure  3 with their PHA ratio in the bottom panel. The flux in the X-ray (5-60 keV), and the radio frequencies (2.2 GHz & 8.3 GHz) are given in Table 2 .
Analogous to typical Galactic BHCs, X-ray characteristics of Cygnus X-3 exhibit two states: high-soft and low-hard. In the low-hard state, the comptonization of seed photons from a thermal multi-coloured accretion disk by a thermal Comptonizing plasma cloud (Sunyaev & Titarchuk 1980; Nakamura et al.1993; along with a non-thermal powerlaw emission (Choudhury & Rao 2001) describes the continuum spectra (5-150 keV). The resolution of the three Fe lines (Kitamoto et al.1994 ) and the two absorption edges (Rajeev et al.1994 ) are beyond the capability of the PCA, hence we fix the relative separation of line and edge energies as reported by Rajeev et al. (1994) , Nakamura et al. (1993) , and Kitamoto et al. (1994) and The unfolded X-ray spectra of Cygnus X-3 during the radio quiescent period. State 1 is on MJD 50717 and state 2 is on MJD 50954. Bottom panel: PHA ratio of state 1 spectra to that of state 2 spectra. Table 1 . The Spearman Rank Correlation (SRC) coefficient, null-hypothesis probability and D-parameter between the radio, soft X-ray and hard X-ray for different periods demarcated in Figure 1 . treat the edge energy at 7.1 keV and the normalization of all the lines and edges as the variable parameters in the fit. The best fit values of the model parameters of the two spectra are given in Table 3 . The spectra shows a unique pivoting with respect to the radio emission (Figure 3) . The X-ray flux below 12.5 keV increases by a factor of ∼1.5, corresponding to a factor of ∼2.5 increase in the radio flux ( Table 2 ). The monotonic variation of radio with soft X-ray ( Figure 2 ) and the pivoting of the X-ray spectra with respect to the radio emission ( Figure 3) suggest a direct relation between the X-ray spectral shape and the radio emission, i.e. it is possible to predict the radio emission from the shape of the X-ray spectra. The best fit parameters (Table 3) show a definite trend of decreasing optical depth of the thermal Table 2 . The flux of Cygnus X-3 in X-ray (5-60 keV) and radio (2.2 GHz & 8.3 GHz) .
Flux in X-ray (×10 −9 erg/cm 2 ) Flux in radio (mJy) MJD 5-12.5 keV 12. Comptonizing cloud with increase in the soft X-ray flux, with a corresponding increase in the radio emission and decrease in the hard X-ray flux. Hence it is imperative that the absorption in the cloud plays a very important role in determining the total emission in the radio (as well as soft X-ray), which further suggests that the radio emission is intimately related to the core, inside the thermal Comptonizing plasma cloud. The total flux in the wide energy band (5-60 keV) in X-ray remains constant, the increase in soft X-ray (5-12.5 keV) is at the expense of corresponding decrease in the hard X-ray (12.5-60 keV) flux (Table 2) . Thus, in the low-hard state, the following picture emerges: 1) the physical process causing the soft X-ray emission, generally attributed to the accretion phenomenon (inflow of matter), is the causal factor determining the resultant flux of radio emission (outflow of matter), 2) the radio emission is coming from a rather weak jet (outflow), embedded inside the thermal plasma cloud whose opacity determines the amount of radio flux coming out, 3) the physical processes giving rise to soft and hard X-ray emissions are competing with each other, resulting in the anti-correlation. The decreasing opacity of the thermal Comptonizing plasma cloud plays a major role in the X-ray state transition from low-hard to the high-soft state (Rajeev et al.1994) , with a corresponding change in the radio emission. Here we show that it plays a similar role in a very small scale of change within the precincts of the low-hard state.
Discussion and Conclusion
Although Galactic BHCs exhibit radio jets during the low-hard state, viz. Cygnus X-1 (Brocksopp et al.1999) , GX339-4 (Corbel et al.2000) , GRS1915+105 (Dhawan et al.2000) , XTEJ1550-534 (Corbel et al.2001 ), 1E1740.7 (Mirabel et al.1992 ), GRS1758-258 (Rodriguez et al.1992 ), a detailed correlation among the radio, soft and hard Xray emission is done for a very few sources, viz. Cygnus X-1 and GX339-4. The behaviour of these two BHCs are quite different from that of Cygnus X-3. Cygnus X-3 is the only source that shows such a strong correlation between soft X-ray and radio, and it is also the only source to distinctly show the anti-correlation between the soft and hard X-rays, during the low-hard state. The pivoting of the spectra at about 12.5 keV suggests a direct coupling between the soft X-ray emission and the radio jet, and also that the soft and hard X-ray emission compete with each other, resulting in the anti-correlation. The physical conditions of Comptonizing plasma cloud play a major role in controlling the radio and soft X-ray emission from the binary system. discuss the variation of the local opacity during the major radio flaring period, and gives a qualitative model for the accretion and jet formation in the binary system. Smith et al. (2001) propose an interesting model of two independent accretion flows in BHCs, including Cygnus X-3, but, a long-term coordinated multiwavelength monitoring is needed to discuss any of the models quantitatively.
